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ABSTRACT: Over the past 30 years, wind energy has been established as one of the leading forms of renewable energy. As the
industry grows so too does the size of the wind turbines themselves – initially large wind turbines were capable of generating 1
MW while this has grown to up to 15MW in recent years. However, with larger turbines comes additional structural challenges to
overcome, where one such challenge is erosion along the leading edge of the blade due to water impingement at the higher tip
speeds of the blade. Therefore, in this paper, the development of a novel solution for preventing leading edge erosion on wind
turbine blades, which is termed LEP, is presented. Primarily, this paper describes a number of testing campaigns that were
performed during the development of the LEP are presented, including the results from rain erosion testing of coupon specimens
and static mechanical testing of a leading edge demonstrator that has the LEP bonded to it. Based on the results from the rain
erosion testing of a number of selected materials, their manufacturability and other mechanical properties, thermoplastic
polyurethane has been selected as the most suitable material to manufacture the LEP. The LEP was then bonded to a leading edge
demonstrator and underwent a 4-point bending testing in order to evaluate its performance at sub-component level, where the LEP
performed as expected and also provided protection for the composite material against indentation due to the load introduction.
The next stage of development is structural (dynamic, static and fatigue mechanical) testing of the LEP bonded to the leading edge
of a full-scale wind turbine, followed by operational trials on a wind turbine in marine conditions.
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1

INTRODUCTION

As the world shifts to using renewable sources of energy, wind
energy has been established as one of the leading forms of
renewable energy. By 2020, the global wind energy capacity is
expected to almost double to reach a level of 650.8GW [1]. As
the wind energy industry grows, increasingly more wind farms
are being developed offshore due to favourable social and
environmental factors compared to onshore. With this
development in the sector, wind turbine blades are now become
much larger with the increased resource and the need for fewer
turbines, where the average capacity of wind turbines installed
in European waters has doubled, from 2MW in 2000 to 4MW
in 2014 and SEIMENS Gamesa announced their 10MW (193
diameter wind turbine) this year [2]. However, as wind turbines
get increasingly larger, new challenges within the design,
manufacture and operation of the turbine are presented. With
larger wind turbines, particularly in the harsher offshore
environment, blade tip speeds begin to reach over 500 km per
hour and, as water droplets impact along the leading edge of the
blade, erosion begins to occur, increasing maintenance costs
and reducing the design life of the blade.
Rain erosion along the leading edge of the blades reduces a
wind turbine’s annual energy production by between 2% and
25% [3]. Currently, a number of leading edge protection
methods are available, which are applied to wind turbine blades
at the end of their manufacture, including tapes, paints and
coatings [4]. In 2013, a comprehensive review, which details
these methods along with a number of other techniques for
preventing erosion on the leading edge erosion of wind turbine
blades, was compiled by Keegan at al. [5]. Additionally,

Dashtkar et al. [6] reviewed the liquid erosion mechanism,
water erosion testing procedures and the contributing factors to
the erosion of the leading edge of wind turbine blades,
including a brief discussion on the use of carbon nanotubes and
graphene nano-additives for improving the erosion resistance
of the leading edge.

Figure 1. Leading edge erosion on two wind turbine blades
Initially, the protective coatings were made from epoxy or
polyester but over time, these rigid coatings were found to be
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inadequate and more ductile materials, such as polypropylene
and polyurethane, were necessary. In recent years,
manufacturers have moved towards multi-layered solutions,
which can be designed to optimise performance and as a means
of assessing the durability of the protection system. In general,
leading edge protection methods can be divided into two
categories: in-mould and post-mould solutions [5, 7]. The inmould solutions are applied directly to the matrix substrate,
using painting or spraying. These coating are typically rigid,
brittle and have a high modulus, compared to the more flexible
coatings, such as polyurethane [5], that are used for the postmould solutions. The post-mould protective systems are
typically multi-layer systems with the inclusion of filler and
primer layers between the laminate substrate and surface
coating. These methods provide additional protection from
erosion during operation, but usually require replacement
during the service life of the wind turbine blade. However, this
replacement becomes more regular in larger wind turbine
blades and, thus, increasingly costly with the need for this
additional maintenance.
In response to this, a novel solution for preventing leading
edge erosion in wind turbine blades, “LEP”, which is a leading
edge component of a wind blade, has been developed. This
paper describes the development and testing of the new LEP
component, which is an in-mould solution for preventing
leading edge erosion. A number of materials have been trialled
and evaluated for manufacturing the LEP, where thermoplastic
polyurethane has been selected as the most suitable, based on a
range of factors, in particular its manufacturability and the
length of time before failure during rain erosion testing. A
selection of key results from the various testing campaigns,
which were performed as part of the development of the LEP,
including rain erosion, demonstrator static mechanical and fullscale wind turbine blade testing campaigns, are presented and
discussed in this paper.
2

MATERIALS AND METHODS
Aim and objectives

The overall aim of this study is to develop a novel leading edge
protection component (LEP) bonded to a wind turbine blade
that will prevent rain erosion along the leading edge of the
blade for the duration of its design life. However, in order to
achieve the aim of the study, a number of objectives must be
achieved:
 To determine the most suitable material from 5
selected materials to manufacture the LEP, based on
its mechanical properties and the results from rain
erosion testing
 To de-risk the LEP and adhesive used through
structural testing of a leading edge demonstrator
 To demonstrate the performance of the LEP bonded to
a full-scale wind turbine blade through structural
testing
Methodology
The analysis used in this study for the development of the new
LEP component is based on the proposed pyramid concept by
Lopes et al. [8], which is summarised graphically in Figure 2.
The pyramid concept breaks up the testing campaigns into three
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distinct sections, which have increasing size and complexity
with a decrease in the number of specimens tested, as follows:
 Coupon level testing – rain erosion and mechanical
(static and fatigue) testing of material specimens.
 Sub-component level testing – testing of a leading
edge demonstrator with the LEP bonded to it.
 Full-scale blade testing – structural testing of a fullscale wind blade with the novel LEP bonded to it.
Further details of the development methodology applied to the
LEP are discussed in Finnegan et al. [9].

Figure 2. Pyramid concept applied to the development of the
LEP component that is used in this study
Rain erosion testing
Rain erosion testing on a selection of suitable materials was
performed using a whirling arm rain erosion testing rig, in
accordance to the testing standard ASTM G73-10 [10].
Test coupons, which are 26mm in diameter, are mounted on
a bespoke holder are subjected to rain as they are rotated at
high-speed in the test rig. A nominal rainfall rate of 25.4 mm/h
is used as the whirling arm rotates with a radius of 0.6 m at 135
m/s. Water droplets are formed within the test rig with a
nominal diameter of 2 mm at a rate of 4 per second from 36
needles, which are equally spaced along the circumference of
the rotating path, where these conditions are based upon DEF
STAN 0035 [11].
The erosion resistance of the materials was recorded using
high-resolution macro-photography and mass loss recordings.
Each specimen is tested until the damage has either penetrated
a significant portion of the coating or the substrate material
starts to become heavily pitted and/or penetrated or
delamination of the coating occurs. A minimum desired testing
time of 300 minutes has been specified for the materials to be
considered for this application and the test will be stopped at a
maximum time of 600 minutes.
A total of 5 materials were selected for rain erosion testing,
based on their manufacturability and material properties, as
described in Section 2.3, which were:
 Polycarbonate (PC)
 Thermoplastic polyurethane (TPU)
 Polyvinylidene difluoride (PVDF)
 Polytetrafluoroethylene (PTFE)
 Thermoplastic acrylic-polyvinyl (TAP)
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Demonstrator structural testing
Two leading edge demonstrators, which were designed based
on the leading edge profile of the cross-section at 57 metres
from the root of a commercial 63 metre blade, were
manufactured – one with the LEP bonded to it and the other
without. The 4-point bending static testing campaign was
performed using the Denison 500, where an overview of the
test setup is shown Figure 3. Each demonstrator is pinned
supported at a spacing of 900 mm between the two supports.
The static loading is applied vertically downwards in two
places at a distance of 230 mm, where each loading point is 115
mm from the centre of the specimen. The specimen was loaded
continuously at a rate of 0.5 kN/second until failure occurred.

completed on the blade, where the results and findings, along
with a comparison to the numerical model of the blade, are
given in Jiang et al. [15].

Figure 4. A full-scale wind turbine blade, which has the LEP
bonded to the leading edge, installed for structural testing.
3

RESULTS AND DISCUSSIONS

A selection of the results from the tests detailed in Section 2 are
presented and discussed within this section, primarily the rain
erosion testing results, which are detailed in Section 3.1, and
the results from the static mechanical testing of the
demonstrator, which are detailed in Section 3.2.
Rain erosion testing
Figure 3. Testing setup for the 4-point bending test of the
demonstrator using the Denison 500 (with loading saddles).
Full-scale structural testing
The LEP was bonded to a full-scale wind turbine blade, which
is to undergo dynamic, static and fatigue testing campaigns
using a state-of-the-art multi-actuator load introduction system
at the Large Structures Testing Laboratory, which can be seen
in Figure 4. The testing campaign will be performed in
accordance to DNVGL-ST-0376 [12] and IEC 61400-23 [13].
The full-scale wind turbine blade is a 13-metre long blade
from a 225 kW wind turbine, which has a mass of 674 kg. The
blade is manufactured from glass-fibre reinforced powder
epoxy composite material using a novel “one-shot”
manufacturing process, which cures the different parts of a
wind turbine blade (i.e. skin sections, spar caps web and root)
in one single process to avoid the need for gluing. Steel inserts
in the root of the blade provide a connection to the turbine hub
when in operation and to a steel test fixture for the proposed
testing campaigns.
The steel test fixture has been designed and manufactured,
where the details are provided in Kazemi Vanhari et al. [14].
To date, only the dynamic testing campaign has been

During the rain erosion testing campaign, a total of 5 materials
(PC, TPU, PVDF, PTFE and TAP) were selected and 5 test
coupons for each material were manufactured. During testing
delamination of the surface material from the blade substrate
was observed in a number of cases. Therefore, in order to fairly
eliminate the results from these cases, only the 3 best
performing coupons for each material are analysed in this
section. The results from the testing of 3 test coupons of each
material are shown in Table 1, where the time each test coupon
lasted during the test is presented.
Table 1. Summary of the results (in minutes) from the rain
erosion testing campaign
Material
PC
TPU
TVDF
PTFE
TAP

#1
300
240
45
15
300

#2
300
600
180
15
240

#3
240
420
60
15
360

Mean
280
420
95
15
300

SD
28.3
147.0
60.4
0.0
49.0
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point. An example of this can be seen in Figure 5, where the
progression of one of the TAP test specimens during the rain
erosion testing campaign is shown. One of the TPU test
specimens lasted a testing time of 600 minutes, at which point
the test was stopped. This result gives us great confidence in
the use of the TPU but the adhesive used was not sufficient for
the application. The other two TPU test specimens’ cause of
failure was delamination of the TPU from the substrate material
due to the adhesive strength of the bond. However, very little
erosion damaged was observed for any of the TPU sample
before delamination occurred. Therefore, it was decided to
explore other adhesives in order to find a superior performing
solution.
The results of the rain erosion testing of the 5 materials were
used, along with the materials manufacturability and other
mechanical properties, to select a the most suitable material to
manufacture the LEP, which was determined to be TPU.
Demonstrator structural testing
A leading edge demonstrator, which was designed based on the
leading edge profile of the cross-section at 57 metres from the
root of a commercial 63 metre blade, and bond the LEP to it.
The first trial demonstrator was tested using a static 4-point
bending test until failure, which occurred at a maximum
vertical force of 60.6 kN. However, no material failure within
the part was evident during or after the test. Failure occurred at
the support locations, where there was crushing of the glass
fibre and delamination, which can be seen in the top four photos
of Figure 6. There was indenting of the surface, causing
slippage, during testing due to the load introduction mechanism
on the top of the test specimen, as seen in the bottom photo in
Figure 6. Loud audible cracking occurred as the specimen
failed at the support locations due to high stress, which
occurred at a vertical loading of 39 kN and 53 kN. The
specimen slipped off the testing machine due to the failure at
the support locations at a loading of 60.6 kN.

Figure 5. The progression of one of the TAP test specimens
during the rain erosion testing campaign
The PTFE coupons had extensive damage after 15 minutes
of testing, which is the first testing point. There was also
delamination of the coating from the blade substrate and, thus,
performed the worst of the 5 materials tested. TVDF performed
better but has also been deemed unsuitable for this application
as a combination of erosion damage to the coating and
delamination of the coating from the blade substrate was
observed well below the minimum desired testing time of 300
minutes.
The other three materials, TPU, PC and TAP, lasted the
minimum desired testing time of 300 minutes, except for one
specimen for each of the three materials. For both PC and TAP,
no initial pitting was observed but, as testing time went on,
erosion damage began to appear and larger up to the failure
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Figure 7. Condition of the demonstrator after testing showing
no damage at one support location (top left), internal support
structure de-bonded from the demonstrator substrate at the
other support (top right) and no indentations of the load
introduction mechanism on the top surface (bottom).

Figure 6. Material failure at the left support (top 2 photos) and
the right support (middle 2 photos), along with indentation
due to the load introduction (bottom photo).
The second trial demonstrator was also tested using a static
4-point bending test, where 3 ramped tests were performed and
the maximum vertical load applied to the specimen was 52.2
kN. Again, no material failure within the demonstrator
substrate was evident during or after the test. Failure occurred
at one of the support locations, where the internal support
structure de-bonded from the demonstrator substrate, which
can be seen in the top right image of Figure 7. The first test saw
the demonstrator loaded to 42 kN and unloaded to 0 kN with
no failures occurring. In the second test, the wooden loading
saddles failed at 52.2 kN. The test was reset and the load was
applied directly to the top of the demonstrator. Loud audible
cracking occurred at 35 kN and failure occurred at one of the
support locations, where the internal support structure debonded from the demonstrator substrate, at 45.2 kN. No
indentations at the top of the demonstrator were seen in this
test, suggesting that the LEP offered protection for the
substrate, which is shown in the bottom image in Figure 7.
The results of the experimental testing have been compared
to the results from the numerical modelling of the
demonstrator. A comparison between the two sets of results for
vertical load applied against the maximum deflection of the
demonstrator is shown in Figure 8. The numerical finite
element analysis (FEA) model, which has been developed in
Finnegan et al. [16], under-estimates the deflection occurring
during the testing but is in reasonable agreement.

Figure 8. Deflection (mm) of the centre of the specimen
against load (kN) applied during the testing.
The results from the structural testing, to date, proves the
robustness of the LEP component for prevention of leading
edge erosion in wind turbine blades. The structural integrity of
wind blades in the offshore environmental is paramount in the
success of the sector. Regular maintenance will prove much
more difficult and costly offshore, compared to onshore wind
installations. A robust leading edge protection system that
protects the blade from rain erosion for the duration of its life
span, which is offered by the LEP component, will significantly
reduce the need for maintenance and, in turn, increase the
reliability and service life of the blades.
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4

CONCLUSION

This paper describes the development of a novel solution for
preventing leading edge erosion on wind turbine blades, which
is termed LEP. The main findings from testing campaigns
performed during the development of the LEP are presented,
including the results from rain erosion testing of coupon
specimens and static mechanical testing of a leading edge
demonstrator that has the LEP bonded to it. Based on the results
from the rain erosion testing of a number of selected materials,
along with their manufacturability and other mechanical
properties, thermoplastic polyurethane (TPU) has been selected
as the most suitable material to manufacture the LEP. The LEP
was then bonded to a leading edge demonstrator and underwent
a 4-point bending testing in order to evaluate its performance
at sub-component level, where the LEP performed as expected
and also provided protection for the composite material against
indentation due to the load introduction.
Currently, the LEP has been bonded to the leading edge of a
full-scale wind turbine and is undergoing structural (dynamic,
static and fatigue mechanical) testing to determine the
performance of both the blade and the LEP over loading
conditions that are representative to operational conditions. The
next stage of development is to perform operational trials on a
set of wind turbine blades at Shetland, Scotland in marine
conditions.
As the magnitude of wind turbines grow, which results in
higher blade tip speeds, and the development of new wind
farms moves further offshore, which increases the costs
associated with maintenance, it will be imperative the eliminate
risks, such as leading edge erosion, in blades. The results
presented in this paper demonstrate the potential of this novel
solution to eliminate the need for wind blade maintenance due
to leading edge erosion, which will in turn significantly reduce
the levelised cost of offshore wind energy.
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